New high resolution CFHT Fabry-Perot data, combined with published VLA 21 cm observations are used to determine the mass distribution of NGC 3109 and IC 2574. The multi-wavelength rotation curves allow to test with confidence different dark halo functional forms from the pseudo-isothermal sphere to some popular halo distributions motivated by N-body simulations. It appears that density distribution with an inner logarithmic slope ≤ −1 are very hard to reconcile with rotation curves of late type spirals. Modified Newtonian Dynamics (MOND) is also considered as a potential solution to missing mass and tested the same way. The new higher resolution data show that MOND can reproduce in details the rotation curve of IC 2574 but confirm its difficulty to fit the kinematics of NGC 3109.
Introduction
Over the last 30 years, rotation curves have been a very efficient tool to study the mass distribution in spiral galaxies. They clearly brought to light the important discrepancy between the luminous mass and the gravitational mass that has led to the supposition of a large amount of dark matter in the Universe. The now commonly accepted picture is that this unseen matter takes the form of large halos in the center of which galaxies are embedded. Alternatively, the gravitational attraction could deviate from the pure Newtonian force at very low acceleration so that no dark matter is necessary.
The resolution reached by N-body simulations of the cosmic evolution of dark halos (Navarro et al. 1996b (Navarro et al. , 1997 Fukushige & Makino 1997; More et al. 1998; Kravtsov et al. 1998 ) allows one to predict the inner part of halo density profiles. In theory, these profiles could be directly compared to the ones deduced from modeling the rotation curves. Unfortunately, the sensitivity of the rotation curves to the exact density profile of the halos is quite low and one must use the highest sensitivity and the highest resolution possible to arrive at useful comparisons (Blais-Ouellette et al. 1999 , hereafter paper I).
This study investigates primarily, in the context of Newtonian gravitation, the density profile of the dark halos of two late type spiral galaxies: NGC 3109 and IC 2574. As late type, their bulge is minimal making them well suited objects for sensitive mass distribution studies because of the reduced uncertainties due to the negligible spheroid contribution in the inner parts. Mass models of NGC 3109 based on radio observations have already been presented by Jobin & Carignan (1990) while the dark matter distribution in IC 2574 have been studied by Martimbeau et al. (1994) . New high resolution Fabry-Perot observations of the Hα emission line are used in combination with the published 21 cm data to form accurate multi-wavelength rotation curves. These curves are used to model the mass distribution in the galaxies. The models include a stellar disk, a gaseous component and a dark spherical halo.
Moreover, NGC 3109 has often been presented as a test for the Modified Newtonian Dynamics (Milgrom 1983) . As noted in Broeils (1992) , the inner part of the rotation curve is crucial to draw any conclusion on the MOND fit to this galaxy. Therefore, the mass models of the two galaxies based on the MOND assumption are presented as well.
The CFHT Fabry-Perot observations are described in Section 2 while the mass models of the two galaxies, to which we add NGC 5585 and NGC 3198 from paper I, are discussed in Section 3
New Fabry-Perot Observations
The Fabry-Perot observations of the Hα emission line were obtained in February 1994 at the Canada-France-Hawaii Telescope (CFHT). The etalon (CFHT1) was installed in the CFHT's Multi-Object Spectrograph (MOS). A narrow-band filter (∆λ ≈ 12Å), centered at λ 0 = 6565.5Å for NGC 3109 (V sys ≈ 402 km s −1 ) and at λ 0 = 6559.5Å for IC 2574 (V sys ≈ 53 km s −1 ) , was placed in front of the etalon. The available field with no vignetting was ≈ 8.5 ′ × 8.5 ′ , with 0.314 ′′ px −1 . The free spectral range of 5.66Å (259.5 km s −1 ) was scanned in 27 (+1 overlapping) channels, giving a sampling of 0.21Å (9.6 km s −1 ) per channel. Eight minutes integration were spent at each channel position. Table 1 lists the complete observing parameters.
Following normal de-biasing and flat-fielding with standard IRAF procedures, a robust 3-D cosmic-ray removal routine, that tracks cosmic rays by spatial (pixel-to-pixel) and spectral (frameto-frame) analysis, was applied. Ghost reflections were then removed using the technique described in Paper I.
With the ADHOC software package c , photometric variations were corrected using the mean night sky (background + emission lines) to calculate the corrections to apply to each frame.
Then, a calibration based on a neon lamp (λ6598.95Å) was used to fix the zero point of the spectrum at each pixel. Table 2 gives the optical parameters of NGC 3109. In order to get sufficient signal-to-noise throughout the velocity fields, two different Gaussian spatial smoothings (σ=3.5 and 5 pixels) were performed on the cube (all the channels). Velocity maps were then obtained from the intensity weighted means of the Hα peaks to determine the radial velocity for each pixel. Final variable resolution velocity map (Fig. 1, top) was built keeping higher resolution for regions with originally higher signal-to-noise. The full resolution Hα image is also shown on the lower part of Fig. 1 .
NGC 3109
The rotation curve was obtained from the velocity field using two different methods. The first estimate was made using the task ROCUR (Begeman 1987; Côté et al. 1991) in the AIPS package, where tilted annuli in the plane of the galaxy (ellipses in the plane of sky) are fitted to the velocity field, minimizing the dispersion inside each ring. The dynamical center, systemic velocity, position angle and inclination were estimated this way. Secondly, the ADHOC package was used to fine-tune these parameters by comparison of both sides of the galaxy and examination of the residual velocity field (see Amram et al. 1992 , for the detailed method). Systemic velocity was found to be 402 km s −1 , very close to the value of 404 km s −1 found with the HI observations of Jobin & Carignan (1990) . Since a warp is clearly present even in the optical velocity field, the final rotation curve was derived with ROCUR leaving the inclination and the position angle free to vary. In this context, the slightly high value of the first velocity point can be understand by the poor determination of the inclination in the center of the galaxy. Table 6 gives the full rotation curve at 20 ′′ resolution while Fig. 2 illustrates the rotation curve as well as the variation of inclination and position angle. Following Jobin & Carignan (1990) , the rotation curve was corrected for asymmetric drift.
To the present date, no convention on the way to represent the errors on rotation curves exists in the literature. Error bars are often simply given as the velocity dispersion in the ring used at each radius. However, the hot gas is known to be more sensitive to its environment than the cold gas. Turbulence, local density variations (like spiral arms, bars, etc.) and winds from stars and supernovae of the young stellar forming regions in which the ionized gas is found, increase its dispersion. This can lead to the paradoxe where the fewer points you have (as in long slit observations) the lower is your dispersion and the smaller are your error bars. As a more direct probe of the uncertainties on the measured potential, the difference between the two sides of the galaxy is instead often used. Some authors will add the error due to uncertainties on inclination and/or position angles.
To clearly differenciate the source of errors, the error bars shown here indicate the error on the mean in each ring (σ/ √ N ) while the solutions for each side of the galaxy are represented by lines (continuous for the receding side and dashed for the approaching). Their difference is a good estimate of the assymetry and large scale non-circular motions.
The velocity field of NGC 3109 shows many bubble-like features probably due to intense star formation especially close to the center of the galaxy. The effect of Hα bubbles are normally of two kinds: first, if the front and back sides of a bubble are equally intense and the medium transparent, a broaden or even, depending of the resolution, a doubled Hα line could be seen. The true gravitational rotation can still be deduced by averaging the two peaks. However, in many cases only the front side of an expanding bubble can be seen, making it difficult to retrieve the true rotational velocities.
In the case of NGC 3109, analysis of the velocity field shows a small deviation from circular motion in the inner part of the galaxy. The velocity of the single innermost point of the rotation curve is slightly affected.
Despite some internal peculiar velocities, apparently well averaged out, a relatively good agreement can be seen between the two sets of data. The HI velocities (where no beam-smearing correction have been applied) were just slightly underestimated in the inner part. This is not really surprising considering that beam smearing effects should diminish as the slope of the inner rotation curve lowers for a given beam width. The multi-wavelength rotation curve is thus composed of the Hα data points up to 410 ′′ and of HI velocities for the rest.
IC 2574
A similar reduction procedure was applied to IC 2574 and the velocity field is shown juxtaposed to the monochromatic image in Fig. 3 . The first evidence is that IC 2574 is more disrupted than NGC 3109. With such a patchy velocity field, a determination of a reliable rotation curve with an iterative method based on velocity dispersion in annuli turned out to be impossible. Direct calculation of the rotation velocity for each pixel was thus done using fixed values for the position angle and the inclinaison. The dynamical parameters were found by comparing the two sides of the galaxy and by analyzing the residual field. The obtained rotation curve is presented in Table 7 based on a systemic velocity of 53 km s −1 , a position angle of 52 • and an inclination of 75 • , almost identical to the parameters found by Martimbeau et al. (1994) from the HI observations. The Hα rotation curve follows more or less the same kind of perturbations as those seen in the HI curve. For example, when one compares the two sides of the HI curve in the Fig. 8 of Martimbeau et al. (1994) : (i) the effect of a giant bubble can clearly be seen at both wavelengths around 240 ′′ on the approaching side; (ii) the giant north-eastern OB association clearly shows up between 7 ′ and 10 ′ of the receding side; (iii) on another hand, some probable non-circular motions are seen around 100 ′′ in the Hα but does not show up in the HI .
Since the Hα data show no sign of beam smearing effect, there would be no reason here to use the disrupted Hα curve instead of the 21 cm data as probe of the gravitational potential of the galaxy.
Mass Models and Parameters of the Mass Distribution

Comparison of different models using standard gravity
The method used in this paper to model the mass distribution is a slight generalization of the one described in Carignan & Freeman (1985) . The luminosity profile, if possible in the near infrared to probe the mass dominant stellar component, is transformed into a mass distribution for the stellar disk, assuming a constant massto-light ratio ((M/L B ) ⋆ ) (Casertano 1983; Carignan & Freeman 1985) . For the contribution of the gaseous component, the HI radial profile scaled by 1.33 is used to account for He. The difference between the observed rotation curve and the computed contribution to the curve of the luminous (stars & gas) component is thus the contribution of the dark component which can be represented by a dark spherical halo.
Many studies approximate later type spirals such as NGC 3109 and IC 2574 as being totally made of dark matter, neglecting the stellar and gaseous components. This is a good approximation down to a certain radius. However, the innermost parts of the rotation curves are crucial to test the shape of the density profiles. Best fit models that include the contributions of gas and stars are therefore used to avoid an overestimation of the dark halo contribution.
Following Kravtsov et al. (1998, hereafter KKBP) and Zhao (1996) , we use an even broader family of density profiles for the halo:
where ρ 0 and r 0 are characteristic density and radius, c=1 forces the presence of a flat density core and α, β and γ are shape parameters.
One can either fit the value of (c, α, β, γ) to a particular density profile or set them to a desired value: (1, α = 0, 2, 2) for a pseudo-isothermal sphere (Begeman 1987 ); (0, 1, 3, 1) for a NFW type halo (Navarro et al. 1996b ); (1, 2, 3, 1) for halos with flat density cores proposed by Burkert (1995) or (0, 2, 3, 0.2) as proposed by KKBP. These four density profiles are presented in Fig. 5 . Profiles with non-constant density cores (lim r→0 (ρ) = ρ 0 ), are defined as cuspy. For these profile, the inner slope is given by −γ, the outer slope by β while α controls the turnover point.
NGC 3109 is particularly well suited for dynamical studies: First because its luminous component is minimal (B-band photometry from Kent 1987) so that the uncertainties related to the unknown mass-to-light ratio of the disk do not have a significant impact. Second, this galaxy is close enough to allow direct distance estimation via multicolor observation of a large number of Cepheids (Musella et al. 1997) . The adopted distance is 1.36 Mpc.
In Fig. 6 and 7, best-fit models are given for the rotation curves of NGC 3109 and IC 2574 respectively. The high resolution data (used up to 410 ′′ for NGC 3109) remove some uncertainties pointed out by Navarro (1997) on the difference in HI curves coming from different generation of radio-telescopes (single dish and aperture synthesis). It confirms the great difficulty to reconcile the cuspy profile with γ ≥ 1 and the rotation curve of a late type spiral like NGC 3109. Either constant density core profiles or mildly cuspy profiles with γ ≪ 1 can fit the data adequately. It is very difficult to discriminate between a density distribution with a flat core from one with a mild cusp because r 0 can often be stretched to a point where the two types of profile match. One has to go to very small radii ( γr 0 ) to really probe any incompatibility.
Cuspy profiles with γ ≥ 1 seem naturally obtained from CDM N-body simulations but many models have been suggested that deviate somewhat from the standard CDM assumptions and avoid the creation of a steep central density cusp. As noted by KKBP, Syer & White (1998) showed that γ is sensitive to the past merger rate and to the perturbation power spectrum on the scale of a galactic halo. Therefore a less active merger history or a steeper power spectrum should lead to γ < 1 on galactic scale. Self-interacting dark matter (Spergel & Steinhardt 1999) has also been suggested to suppress the formation of high density dark matter cusp but the implied inverse dependency of the core radius on the mass of the galaxy (Dalcanton & Hogan 2000) is not observed in our sample.
Alternatively, in order to explain the presence of flat density core in dwarf spirals for standard, scale free CDM models, Navarro et al. (1996a) suggested that violent starburst could eject the gas and consequently flatten the inner dark matter distribution. Semi-analytical calculations gives this scenario the right order of magnitude for a low mass galaxy given a sufficient feedback efficiency (van den Bosch et al. 2000) .
Another way to reconcile the too steep rotation curves without invoking a flat density CDM core is to add a second, compact object component to the non-baryonic cold dark matter (Burkert & Silk 1997) . Of course this adds some degrees of freedom when fitting rotation curves and a better fit is in this case somewhat meaningless, making this hypothesis hard to test. A better knowledge of the importance and distribution of Massive Compact Halo Objects (MACHOs) in our own Galaxy would address the relevance of this hypothesis.
NGC 5585 is also well fitted by all the profiles but the NFW (8). The slight difference between the (M/L B ) ⋆ found here (0.85) and the one found in paper I (0.80) is due to the use of the equation 1 instead of the integration of the Poisson's equation of the isothermal sphere.
In the case of NGC 3198 (Fig. 9 ), all the profiles are compatible. The Hα curve has been used up to 65 ′′ to rectify the overcorrection of the beam smearing in Begeman (1987) . The only remark to be made is that all the profile are too smooth to account for the small variations in the outer rotation curve, even though they are present in both the HI and the B profile. The detailed gravitational interplay between luminous and dark matter should be taken into account.
Modified Newtonian Dynamics
Proposed by Milgrom (1983) , a modification of Newtonian gravitation in the low acceleration limit can mimic a large amount of dark matter in spiral galaxies. MOND is a truly falsifiable theory: it contains only one parameter, a 0 , that is supposed to be a universal constraint. A lot of work have been done using rotation curves where the quality of the data gives the best opportunity to test the theory (e.g. Begeman et al. 1991; Sanders 1996; Sanders & Verheijen 1998; McGaugh & De Blok 1998) .
As a reminder, here is the MOND quantitative prescription. For purely circular motion, one can equate the centripetal acceleration and gravitational acceleration. In the Newtonian regime, we simply get the common
The MOdified Newtonian Dynamics (MOND) state that the true acceleration is given by
where µ(g/a 0 ) is an interpolation function that has the right asymptotic behavior: µ(g/a 0 ≫ 1) → 1 and µ(g/a 0 ≪ 1) → g/a 0 .
The exact form of µ(g/a 0 ) has no impact on the mass models of very late type spirals like NGC 3109 and IC 2574 where the gravitational acceleration is well below a 0 at all radii but in general, the commonly used
is assumed to be the interpolation function.
In the limit of low acceleration the gravitational acceleration is thus given by g = √ a 0 g N and
or
which naturally explains the asymptotic flatness of rotation curves and the Tully-Fisher relation.
A best-fit method, similar to the one used for dark halos has been applied. The stellar luminosity profile and the HI density profile are this time transformed into a mass distribution following equations (3) and (4). The free parameter of the fit is as always the (M/L) ⋆ ratio. a 0 is considered as a universal constant but since no fundamental theory exists as of yet to give its true value, four different values are used in the fits. First, the value found by Begeman et al. (1991) that best fits their highly selective and high quality sample ( 1.2 × 10 −13 km/s). The second value is the one that best fits each present galaxy individually (Table 5 ). The two other values are educated guesses of what could be a 0 in an underlying theory, as suggested by Milgrom (1998) . For instance, cH 0 = 6.8 × 10 −13 km/s 2 where c is the speed of light and H 0 = 71±6 km s −1 (Mould et al. 2000) and c 2 √ Λ = 7.8 × 10 −13 km/s 2 where Λ ≃ 2.3 × 10 −51 cm −2 if Ω M = 0.3 as indicated by the recent data on high redshift supernovae (Perlmutter et al. 1999 ). Fig. 10 shows the best fit for each galaxy and Table 5 indicates the parameters when using the best fitted a 0 .
IC 2574 and NGC 3198 are fairly well fitted by the MOND law if the "universal constant" a 0 is let free to vary by more than a factor 2. The quality of the fit is especially good in the case of IC 2574 where most of the features of the rotation curve are reproduced in the fit. On the other side, the MOND prescription has more difficulties to account for the mass distribution of NGC 3109 and NGC 5585 whatever the value of a 0 . Being for large part in the Newtonian regime, the case of NGC 5585 is somewhat less significant as it probes more the interpolation function than the MOND theory itself. At the opposite, NGC 3109 belongs fully to the MOND regime. Even though the Hα velocities are somewhat higher than the HI near the center, the rise of the rotation curve is still too shallow to be compatible with MOND. The uncertainties on NGC 3109 rotation curve have been seriously narrowed and the improved rotation curve still put the MOND theory in difficulty.
Summary and Discussion
With the four galaxies studied so far, it is clear that while there is a good agreement between Fabry-Perot and HI data for the shallow rotation curves of the late type galaxies NGC 3109 and IC 2574, the beam smearing plays an important role for the steeper rotation curves. The beam smearing thus seems to depend on at least two factors: the inner slope of the rotation curve and the sampling of the curve, often expressed as the ratio of the Holmberg radius to the beam width (Bosma 1978 ). Bosma suggested a ratio greater than 6 to have reliable HI curve. This ratio is about 9 for NGC 5585 and 30 for NGC 3109 and the later is still slightly affected by beam smearing.
Using the multi-wavelength rotation curves to determine the density profiles of dark matter halos, it appears clearly that cuspy profiles with inner logarithmic slope γ ≥ 1 do not match the observations. The best fits are achieved using either a slightly cuspy profile with a very shallow inner slope or a profile with a flat density core. If most of the simulations describe a realistic CDM evolution, an additional process is needed to destroy or forbid the formation of a central cusp. However, none of the actually proposed scenarios stand out as the most plausible either because they are not easily testable or their predictions do not appear clearly in the data.
The Modified Newtonian Dynamics prescription can fit the rotation curves of IC 2574 and NGC 3198 obtained from the new high resolution data if a 0 is free to vary by a factor of 2. In this case, most of the features of the rotation curve are even reproduced with the right amplitude. Of course, since there is almost no stellar disk, at least in the part fully in the MOND regime, scaling the HI would produce a similar result. Can H 2 be involved here? (Pfenniger et al. 1994 ). On the other hand, the variations of the stellar and gaseous components also possibly just follow a non-smooth dark matter distribution.
Things are quite different in the case of NGC 3109. The slight increase of the inner velocities brought by the Hα data is not sufficient to significantly improve the compatibility between the MOND theory and this galaxy even if the uncertainties have been seriously narrowed. It has to be noted though, that the amplitude of the features in the curve are also well reproduced here.
There is always a danger to let what should be a universal constant like a 0 vary to fit the data. However, since no underlying theory exists yet, it is interesting to note that for these late type spirals, a 0 seems systematically higher than for the earlier types.
Conclusion
The present work leads to the following conclusions:
• Observations of the kinematics of the ionized hydrogen in NGC 3109 and IC 2574 is in good agreement with the previous kinematical studies of the atomic hydrogen. This implies that the beam smearing was limited in the HI data although NGC 3109 was slightly affected.
• Overall, beam smearing can be important even for "good sampling" (20 beam widths per Holmberg radius for NGC 5585) depending on the inner slope of the rotation curve.
• The CDM models with a inner density slope γ ≥ 1 are not compatible with the data on NGC 3109 and IC 2574. Flat density core models like the pseudo-isothermal sphere or a model with a shallow inner density slope are compatible with the four galaxies in our sample.
• The MOND prescription can fit the rotation curves of NGC 2574 and NGC 3198 if the "universal constant' a 0 is free to vary by more than a factor of 2. It is however unable to reproduce the mass distribution of NGC 3109 and NGC 5585 whatever the value of a 0 .
The present examples give a good idea of the impact of higher resolution rotation curves. There is however large unexplored regions in terms of galaxy mass, surface brightness and morphological types. It is thus imperative to extend this sample to earlier type galaxies covering a large range in surface brightness. This would give, among other things, the opportunity to study precisely at what point the rotation curves stop agreeing with N-body simulations.
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